Abstract: Sparteine is a neurological toxin found in arctic lupine (Lupinus arcticus S. Wats.) and is probably used as a defensive chemical to deter herbivory, particularly by snowshoe hares (Lepus americanus Erxleben). Lupine leaves were collected in southwestern Yukon at 2 h intervals for 2 consecutive days at the peak of the growing season (24-25 June), and their sparteine was extracted and compared with a standard using gas chromatography. A significant daily cycle of sparteine in leaf material was observed, with maximum concentrations occurring during the night and minimum during the afternoon. This may be a temporally optimal response to higher levels of hare herbivory that occur at night.
Introduction
Arctic lupine (Lupinus arcticus S. Wats.) is a nitrogenfixing perennial herbaceous plant, common in the white spruce forest understory of the boreal forest. Lupines contain several quinolizidic alkaloids that are toxic and teratogenic to vertebrates (Panter et al. 1999 ), yet snowshoe hares (Lepus americanus Erxleben), the dominant herbivore in the boreal forest (Boutin et al. 1995) , and arctic ground squirrels (Spermophilus parryii plesius Richardson) (McLean 1981; Frid and Turkington 2001) consume the leaves and stems. A closely related lupine species, Lupinus polyphyllus (Lindl.), can induce greater concentrations of several quinolizidic alkaloids, including sparteine, when damaged by herbivory (Wink 1983) . The predominant alkaloid in arctic lupine is sparteine (Majak et al. 1994 ), a neurological toxin in mammals (Yovo et al. 1984) . If sparteine is a defensive chemical to deter herbivory we might expect that its concentration in leaf and stem tissue might be higher during the night, when there is a higher probability of being grazed.
Methods

Field site
The study was carried out in the understory of the boreal forest near Kluane Lake, Yukon Territory (60805'N, 137805'W), located at kilometre 1695 beside the Alaska highway. The dominant tree is white spruce (Picea glauca (Moench) Voss), with open areas of shrub habitat containing dwarf birch (Betula glandulosa Michx.) and grey willow (Salix glauca L.). The well-developed herbaceous understory includes yarrow (Achillea millefolium L. var. borealis (Bong.) Farwell), anemone (Anemone parviflora Michx.), fescue (Festuca altaica Trin.), arctic lupine, and bluebell (Mertensia paniculata (Aiton) G. Don). The most common herbivores in this region of the boreal forest are snowshoe hares and arctic ground squirrels. The site and its vegetation are described in detail in Turkington et al. (2002) .
Sampling
Four samples of lupine leaves (including lamina and petioles) were collected from a single, large (10 m Â 10 m) patch every 2 h for 48 h on 24-25 June 1995 during the peak growth period for lupine (Graham and Turkington 2000) . Samples (8-10 g each) were weighed, homogenized in a blender with 35 mL of ethanol for 2 min, and stored in silex tubes. Care was taken to sample from different plants at each time period to avoid the effects of inducible defense responses.
Extraction of sparteine
Ethanol-fixed samples were air-dried for 2 d, weighed, and immersed in 150 mL of distilled water. After 24 h, the water was decanted, and the sample washed twice with 10 mL of distilled water. The water was then allowed to evaporate for 4 d. The resulting gray precipitate was dissolved in 10 mL of distilled water and made basic with 5 mL of 20% ammonium hydroxide. This solution was extracted twice with 50 mL portions of dichloroethane, dried over sodium sulfate, filtered through ashless paper, and evaporated for 48 h. The resulting white precipitate was dissolved in 1 mL of dichloromethane, of which 0.1 mL was injected for gas chromatographic analysis.
Quantitative analysis of sparteine was conducted on a Hewlett Packard 5880A gas chromatograph (Hewlett-Packard Analytical Division, Wilmington, Delaware, USA) using a cyanide capillary column (30 m Â 0.25 mm) and a flame ionization detector. Individual samples were injected at a 1:100 split, and temperature was programmed to remain at 140 8C for 35 min and then to rise and hold at 240 8C for 20 min. Peak areas were determined using an HP chemstation integrator (Hewlett-Packard Analytical Division). Peak identities of samples were confirmed by retention time comparison and co-injection with sparteine authentic material (MP Biomedicals, Qbiogene Inc., Montréal, Quebec, Canada). Standards were produced by sample addition. Three different amounts of sparteine were added to authentic samples and processed as above. Losses were assumed to be equivalent in both standard and experimental samples.
Results and discussion
A significant daily cycle of sparteine content was observed, with a maximum concentration of 4800 mg g -1 at night, and a minimum of 842 mg g -1 between 0900 and 2000 ( Fig. 1) .
Our results are inconsistent with those from other species of lupine (L. polyphyllus and Lupinus hartwegii Lindl.) that displayed a daily rhythm of alkaloid production with a maximum during the day (Wink and Hartmann 1982) . Peak sparteine concentration was approximately double that previously reported (Wink and Hartmann 1982) . The production and release of alkaloids and terpenes is linked to photosynthesis in many plant species, resulting in higher concentrations of defensive chemicals during the day (Paré and Tumlinson 1999) . In L. polyphyllus, the alkaloids sparteine and lupanine are produced in chloroplasts (Wink et al. 1980 ) and production increases in light (Wink and Hartmann 1981) , with maximum production and accumulation of lupanine in the middle of the day (16 h : 8 h light:dark cycle) (Wink and Hartmann 1982) . Sparteine is a precursor to lupanine and should be expected to follow the same diurnal rhythm. Moreover, sparteine may be used by plants as a nitrogen storage compound, and nitrogen fixation is also linked to photosynthesis in lupines, with a peak during the day (Halvorson et al. 1992) .
Our results suggest that sparteine production and accumulation is linked, not to light or nitrogen fixation, but to the timing of showshoe hare browsing. Recently, much attention has been focused on the role of inducible defenses in plants (Schultz 2002) . However, diurnal defensive cycles may also be important. As defensive compounds vary in concentration during the day, forage quality alters for herbivores. For ex- ample, insect growth rate varied with the time of day that birch leaves were collected in Finland (Haukioja et al. 1978) . Snowshoe hares forage mainly at night (Foresman and Pearson 1999) , and L. arcticus composes up to 34% of their diet (Seccombe-Hett 1999) . Even though our area experiences very little darkness during the time of the year during which the study was done, 0000 to about 0400 nevertheless represents peak activity times for the snowshoe hare. The effects of sparteine on hare foraging is unknown; however, showshoe hares avoid individuals of white spruce with high alkaloid content (Rodgers et al. 1993 ). Thus, lupines may be defending themselves from snowshoe hare feeding by increasing the concentration of their major defensive compound (sparteine) when hares are active at night. In addition, lupines are grazed by arctic ground squirrels, which are diurnal feeders, meaning that the lupine has to deal with both nocturnal and diurnal grazers. The inclusion of lupines in the diet helps in maintaining hibernation in ground squirrels (Frank 1994) .
This raises the question as to why hares continue to eat lupine even though it is chemically defended. A number of hypotheses have been proposed to explain diet selection by snowshoe hares. These include differences between plants in nutritional characteristics such as protein and energy (Sinclair et al. 1988) , secondary metabolites (Rodgers and Sinclair 1997) , and the distribution of plants in relation to hare predators (Hik 1995) . Although there is support for each of these ideas, no single hypothesis is sufficient to explain diet selection over more than a narrow range of circumstances. Even though they are chemically defended, lupines are a good source of polyunsaturated fats (Harwood and Geyer 1964) , are high in crude protein, water content and energy, and low in fiber (Seccombe-Hett 1999) . Unfortunately, it is difficult to precisely determine the concentration of defensive compounds that will induce a measurable toxic effect within a particular species of herbivore. However, we can only speculate that hares continue to eat lupine because plant defense chemicals are not the primary determinant of hare diet selection, although they are an important secondary consideration.
